Introduction
[2] The northern Andes mountain belt in Colombia is a complex tectonic region close to the triple junction of the continental plate of South America with the Caribbean and the Nazca oceanic plates (Figure 1 ). In this complex region, the South Caribbean tectonic evolution reflects the interaction between the Caribbean plate and the northwestern border of South America since Late Cretaceous times. As a consequence of this interaction different stress regimes prevailed as oceanic terranes were accreted against the continental margin, which resulted in mountain building. Three mountain belts of the northern Andes resulted from this process, the Eastern Cordillera of Colombia (EC hereinafter) is the easternmost belt ( Figure 2 ). Apatite fission tracks data indicate thermal cooling sometime between 60 and 30 Ma, suggesting a pulse of uplifting of the EC during the Paleogene ]. This deformation continued as an episodic process that culminated with the main Pliocene-Pleistocene Andean phase. The Neogene tectonic phase induced the tectonic inversion of the Late Jurassic to Cretaceous intracontinental basin [Colletta et al., 1990; Cooper et al., 1995; Dengo and Covey, 1993; Sarmiento, 2001] .
[3] At the regional scale, the geometry of the Eastern Cordillera is characterized by NE-SW trends following in general the direction of basement-involved normal faults. However, this structural grain is neither continuous nor homogeneous and in places turns to N-S and even trends NNW-SSE (Figure 2 ). This variety of structural patterns may reveal (1) local variations in orientations of inherited basement structures, (2) local response of basement structures to stress regimes, or (3) syntectonic reorientation and rotation of basement structures to accommodate different stress regimes.
[4] The purpose of this study is to describe and to analyze the results of systematic measurements and determinations of paleostress in two regions of the EC which present different regional trends; N-S trend of the Guaduas Syncline and NE-SW trend of the Sabana de Bogotá (Figure 2 ). We characterize the Late Cretaceous and Cenozoic stress regimes in these areas and we reconstruct a tectonic chronology based on crosscutting relationships of small-scale structures observed in the field. We finally explain this deformation history within the framework of the South Caribbean tectonic evolution. This is done through comparison of results obtained from our tectonic analyses and the paleostress sequence predicted using a revised kinematic model of this region. In addition we provide a synthesis of the sequence of tectonic regimes that has affected the northern Andes since Late Cretaceous times.
Plate Tectonics of the Caribbean Region
[5] The early tectonic evolution of the Caribbean region is related to breakup of Pangea and the subsequent separation of the plates of North America (NA) and South America (SA) [Pindell and Dewey, 1982] . The analyses of sea floor magnetic anomalies in the Atlantic Ocean allowed accurate reconstruction of rotation poles and relative displacement paths between the North America -Africa and Africa -South America. The reconstruction of the South America-North America relative displacements was carried out using finite rotation analysis [Laad, 1976; Pindell, 1985; Pindell et al., 1988; Pindell and Dewey, 1982] . These results were updated by using the Atlantic Indian hot spot reference frame [Müller et al., 1999] .
[6] As a result, we know that the separation between the continental plates of NA and SA, as a consequence of the breakup of Pangea during the Jurassic, gave place to new oceanic crust in the Proto-Caribbean. This oceanic opening was coeval with the northeastward subduction of the oceanic crust of the Farallon plate (FA) [Duncan and Hargraves, 1984] . During the Late Cretaceous, the easternmost part of the Farallon plate became an independent plate, the Caribbean plate, which began to be inserted between the Americas [Burke et al., 1984; Pindell et al., 1988; Pindell and Dewey, 1982; Ross and Scotese, 1988] . This new oceanic plate was characterized by anomalous buoyancy [Burke et al., 1978] which has been associated to its displacement above the Galapagos hot spot [Duncan and Hargraves, 1984] . The resulting thick Arrows and numbers are present-day velocity plates from Freymueller et al. [1993] in mm/yr with respect to South America. oceanic plateau began to be inserted between the Americas as the proto-Caribbean and Atlantic Ocean subducted beneath it. As a consequence, the ocean floor of the ProtoCaribbean, including its magnetic anomalies which recorded the opening between the Americas, was definitively lost. The remnant FA plate became the Cocos plate (CC) and the Nazca plates (Nazca) during Miocene time [Hey, 1977] .
[7] The insertion of the Caribbean plate between the Americas since the Late Cretaceous induced activation of large shear zones along the northern and southern edges of the Caribbean: the Cayman Trough in the northern edge, and the Oca, El Morón, and El Pilar fault zones to the south [Burke et al., 1984] . This activation initiated a subduction complex in northwestern South America and in the South Caribbean deformed belt. This activation was later enhanced because of the change from relative divergence to convergence between the Americas since late Paleocene time [Müller et al., 1999; Pindell et al., 1988] . The effects of this relative convergence were of particular importance during the early Miocene time in the South Caribbean deformed belt in the basins of Colombia and Venezuela [Müller et al., 1999] .
Northern Andes: Present Tectonic and Kinematic Framework
[8] The northern Andes (Figure 1 ) are located in a region considered as a large triple junction under construction between the Nazca, South America, and Caribbean plates [Ego et al., 1996] . This triple junction area behaves as an independent mobile block, which has been referred to as the North Andes Block [Kellogg and Vega, 1995; Pennington, 1981] . Geodetic (GPS) measurements suggest that the present movement of the north Andes as an escape block occurs toward the ENE relative to stable South America, which implies a dominant rightlateral transpressive behavior of faults bounding the eastern margin of the Eastern Cordillera of Colombia [Freymueller et al., 1993; Pennington, 1981; Trenkamp et al., 2002] .
[9] This model of the northern Andes as a single mobile block escaping toward the ENE however involves some contradiction. Seismic data from the northern Andes area show that in the southern portion of the northern Andes the E-W convergence of the Nazca and South America plates induce a right-lateral stress regime that affects the faults bounding the Eastern Cordillera south of 4°N [Ego et al., 1996] . This would be consistent with a model of ENE escape of the northern Andes. However, northward of 4°N the northern Andes region is mainly under influence of the Caribbean plate [Ego et al., 1996; Cortés, 2004] . In this northern area, the focal mechanisms of earthquakes [Corredor, 2003; Dimate et al., 2003; Cortés, 2004] , the fault kinematic data [Taboada et al., 2000] and the structural reconstructions of the eastern flank of the Eastern Cordillera [Branquet et al., 2002; Casero et al., 1997; Colletta et al., 1990; Cooper et al., 1995; Rowan and Linares, 2000 ] revealed a rather compressive behavior on the eastern margin of the northern Andes between 4°and 8°N. Accordingly, the direction of maximum compression would be ESE there, rather than the transpression in the ENE direction as suggested by the GPS data. These considerations argue against a ENE displacement of the northern Andes in the northern segment of the Eastern Cordillera, and suggest that the accommodation of the deformation in the triple junction area is more complex than that involved by the a single block model.
[10] According to this kinematic pattern, in the northern Andes area, presently is being accommodate deformation associated to SE dipping subduction of the Caribbean beneath northwestern Colombia and the east dipping subduction of the Nazca plate in the western margin (Figure 2) . The Panama isthmus, located between the Caribbean and Nazca plates, accommodates deformation related to convergence of these plates in an approximately N-S direction [Kellogg and Vega, 1995; Pennington, 1981] .
[11] The present-day plate boundaries in this region remain uncertain because of the tectonic complexity and accretion of oceanic crust against the active continental margin. The geometry of subducted slabs is still controversial in NW Colombia as a consequence of the absence of magmatic arc and very scarce shallow seismicity associated to the subduction of the Caribbean plate in the northwestern Caribbean coast. However, the development of an accretionary prism is well documented [Duque-Caro, 1984; Ruiz et al., 2000; Toto and Kellogg, 1992] . The distribution of intermediate to deep seismicity and associated focal mechanisms in the Perija Range, Merida Andes and northern EC have been used to demonstrate the presence of a north to NNW striking and east dipping slab beneath northern Colombia [Dewey, 1972; Kellogg and Bonini, 1982; Malave and Suarez, 1995; Pennington, 1981; Taboada et al., 2000; Toto and Kellogg, 1992] .
[12] Pennington [1981] observed that the intermediate to deep seismicity concentrates in well-defined areas that he used to define three slabs of oceanic crust subducting beneath the Andes in Colombia and NW Venezuela. He consequently defined the Bucaramanga segment related to the Caribbean plate and the Cauca and Ecuador segments associated to the Nazca plate. Tomographic images were later used to redefine and to confirm the presence of two slabs sinking below NW and W Colombia, respectively related to Caribbean and Nazca plates [Gutscher et al., 2000; Taboada et al., 2000; Van der Hilst and Mann, 1994] . Taboada et al [2000] suggested the presence of a remnant ancient paleo-Caribbean plate which subducts beneath the northern segment of the Eastern Cordillera. Figure 3 is Figure 3 . Present-day schematic cross section through the north Andes in Colombia. For location see Figure 2 . Abbreviations are as follows: PCB, Panama-Chocó Block; WC, Western Cordillera; CC, Central Cordillera; EC, Eastern Cordillera; EP, Eastern Plains; RF, Romeral fault; OF, Oca fault. Adapted from Colletta et al. [1990] , Cortés [2004] , Kellogg and Vega [1995] , McCourt et al. [1984] , and Taboada et al. [2000] . Focal mechanisms from University of Harvard, CMT solutions. a schematic diagram of the possible north Andes plate architecture.
Regional Geology of Colombia
[13] The Andean system in Colombia results from a polyphase history of deformation. Episodic processes of subduction-obduction and collisions have occurred in the western margin of Colombia since Precambrian times and continue until present day [McCourt et al., 1984; Restrepo-Pace, 1995] . In consequence, three mountain belts have developed, namely, the Eastern Cordillera (EC), the Central Cordillera (CC), and the Western Cordillera (WC). East of the EC, and bounded by the Guaicaramo fault, the eastern plains overlie the stable Guyana shield (Figure 4) .
[14] The basement underlying the EC and the eastern flank of the CC is composed of a Precambrian core of granulite facies metamorphic rocks, which resulted from a continent-continent type collision during the late Precambrian [Kroonemberg, 1982; Restrepo-Pace, 1995; Restrepo-Pace et al., 1997] . These rocks are overlain by a sequence of amphibolite facies metamorphic rocks of marine sedimentary origin, produced during Ordovician time (Caparonensis Orogeny) [Restrepo-Pace, 1992 . Locally, this core of metamorphic rocks is unconformably overlain by folded late Paleozoic marine sediments [Villarroel and Mojica, 1987] . The entire sequence is intruded by granitic-type batholiths of Late Jurassic to Early Cretaceous age that developed in response to continuous east dipping subduction of the oceanic crust of the FP under NW South America [Restrepo-Pace, 1995] . This metamorphic and crystalline basement crops out in EC as cores of giant anticlines that are observable in the Garzón-Quetame and the Santander massifs and constitutes the bulk of the CC and Santa Marta Range [Jullivert, 1970] (Figure 4) .
[15] According to geophysical and gravimetric observations [Case et al., 1971 [Case et al., , 1973 Meissnar et al., 1976] , the western flank of the CC, the WC and the Baudó Range (BR) are composed of oceanic-affinity crust which resulted from Cediel and Cáceres [1988] , Raasveldt [1956] , and Raasveldt and Carvajal [1957] . Abbreviations are GS, Guaduas Syncline; SB, Sabana de Bogotá. multiple accretion episodes since the late Paleozoic [McCourt et al., 1984; Restrepo-Pace, 1992 . These rocks include pelagic sediments, turbidites, basalts and volcanics as well as ultramafic and mafic intrusives, ranging in age from Early to Late Cretaceous [Alvarez and Gonzalez, 1978; Barrero, 1979; Bourgois et al., 1982 Bourgois et al., , 1987 Etayo-Serna et al., 1982] . Meso-Cenozoic calcalkaline granitoid intrusive bodies intrude the CC, WC and BR. Their relative ages reveal migration of magmatism toward the west during Meso-Cenozoic times and toward the East later during Cenozoic times [Alvarez, 1983] . The limit between the accreted oceanic crust and the continental deformed margin is the Romeral fault, the tectonic complex history of which is closely related to processes of accretion and reveals periods of normal, inverse and strike-slip faulting [Barrero, 1979] . This fault zone is now the site of active seismicity (Figures 2, 3 , and 4).
[16] Plutonism and volcanism resulting from continuous subduction during the late Jurassic to Early Cretaceous was localized in the present area of CC and Magdalena Valley (MV) as an active magmatic arc. In contrast, back arc type basins were emplaced in the area of the EC, where tectonic and then thermal subsidence controlled deposition of a sequence of continental to shallow marine sediments that reached a thickness of up to 9 km in the axial zone of the EC [Fabre, 1987; Sarmiento, 2001] .
[17] Uplifting of the Central Cordillera began in the Late Cretaceous as a consequence of accretion of the WC [Cooper et al., 1995] and tectonic inversion of the Eastern Cordillera began in Paleogene [Colletta et al., 1990; Gomez Figure 5 . Geological map of the study area and key cartographic features that constrain timing of deformation in the western flank of the EC. Geology of the Central Cordillera and SW tip of the Girardot fold belt modified after Raasveldt [1956] and Raasveldt and Carvajal [1957] . Features are labeled as follows: A, in the eastern flank of the Guaduas Syncline, the absence, facies change, and wedging of the Cimarrona Formation evidence syntectonic sedimentation during the late Maastrichtian; B, in the Apulo Anticline area, posttectonic middle to late Eocene conglomerates (Chicoral Formation), unconformably overlie folded and faulted Cretaceous beds, suggesting premiddle Eocene activity of the Bituima thrustfault; C, in the eastern flank of the Guaduas Syncline, the base of the posttectonic middle to upper Eocene conglomerates (San Juan de Rio Seco Formation), wedges out the upper Paleocene unit (Hoyón Formation) and rests on Lower Paleocene strata, highlighting postearly Eocene folding; D, upper Miocene units affected by major thrust faults in the western flank of the EC evidence post-late Miocene Andean tectonic activity; E, tilted beds of the Pliocene Mesa Formation unconformably rest on faulted beds of the late Miocene Honda Formation indicating post-Pliocene deformation. et al., 2003]. It continued as an episodic process that culminated in the late Miocene to the Recent, in response to continent-oceanic arc collision of the Chocó-Panamá arc [Duque-Caro, 1990; Taboada et al., 2000] . During Neogene times, the Andean tectonic phase induced a compressive stress regime in the area of the ancient back arc basin. The inversion of the EC basin thus resulted in a major pop-up type structure, elongated according to the trend of the ancient normal faults. Development of large foreland basins on both flanks of this major pop-up structure accompanied the uplift of the EC, where deposition of Tertiary synorogenic sediments took place [Casero et al., 1997; Colletta et al., 1990; Cooper et al., 1995] .
[18] In the study area, the main faults accounting for uplifting along the western flank of the EC are, from east to west, La Vega, Bituima, Cambao and Honda thrusts ( Figure 5 ). In general terms, these faults were formed in a sequence of faulting advancing from east to west. In consequence, La Vega thrust front is the earliest and internal fault, whereas the Honda thrust is the most recent and external one. Some periods of out-of-sequence and reactivation of earlier faults, however, affected this sequence of faulting [Cortés, 2004] .
[19] In this study, particular emphasis is put on the analyses of deformation of sedimentary rocks in the EC. We especially considered the western portion of the EC, Figure 6 . Lithostratigraphic diagram of units in the western flank and axial zone of the EC, as discussed in this paper. Modified after Cáceres and Etayo-Serna [1969] , Cortés [2004] , and Sarmiento [1989] .
where lower Cretaceous to the Miocene rocks crop out. These rock units have recorded deformation related to the Late Cretaceous accretion of the WC and paleostress associated to early uplifting of the EC, as well as the episodic Paleogene belt growth and finally the Neogene main Andean tectonic phase. Figure 6 summarizes the main stratigraphic features of the Western flank and axial zone of the EC, in the Guaduas Syncline and Sabana de Bogotá areas respectively.
Timing of the Deformation in the EC, Evidence From Synorogenic Sediments
[20] Figure 5 shows the more relevant geologic features of the studied regions and the areas where field mapping was focused. Figure 7 shows the sites used for brittle tectonic analysis. Preliminary conclusions concerning the timing of tectonic pulses are from both geometrical observation (i.e., crosscutting relationships between structures) and considerations about the distribution of unconformities. Relationships between syntectonic units of Tertiary age and structures in the area of the Guaduas Syncline allowed us to constraint the history of tectonic pulses affecting the EC.
Late Maastrichtian-Paleocene Pulse
[21] The Maastrichtian conglomeratic deposits (Cimarrona Formation, Figure 6 ) are usually considered as evidence of the first tectonic activity of the CC Gomez and Pedraza, 1994; Raasveldt and Carvajal, 1957] . In the western flank of the Guaduas Syncline ( Figures 5 and 6 ), these deposits are 80-100 m thick, and consist of coarse grained to conglomeratic beds below the Late Maastrichtian to Paleocene Guaduas Formation. In contrast, in the eastern flank of the same structure, these beds are absent and the fine-grained Late Maastrichtian to Paleocene unit (Guaduas Formation, Figure 6 ) paraconformably overlies the sequence of Campanian-Maastrichtian black shales (Umir Formation, Figure 6 ). Gomez et al. [2003] observed an eastward wedging of the coarse-grained Maastrichtian unit and they correlated it with a 15 m thick limestone in the eastern flank of the Guaduas Syncline. This highlights a late Maastrichtian syntectonic character of Figure 7 . Tectonic map of the studied area showing the more relevant structural determinations. Gray and black arrows correspond to horizontal projection of contraction directions from fault slip data analyses presented in Table 1 and Figures 11a -11b. White arrows are geometrically deducted stress patterns. sedimentation. According to our mapping, this tectonic episode especially affected the eastern flank of the Guaduas Syncline (Point A in Figure 5 ).
Late Paleocene --Early Eocene Major Deformation
[22] One of the most important features within the Tertiary record of Colombia is the late Paleocene-Eocene unconformity. This unconformity is locally high-angle in type in the Magdalena Valley to paraconformable in the Llanos basin [Restrepo-Pace, 1999; Villamil et al., 1995] . We paid special attention to structures and sediments related to this unconformity because of its regional importance for the structural development of the EC.
[23] The precise age of Cenozoic deposits in the Guaduas Syncline is a matter of debate. In the Tertiary sequence of this structure, the first coarse-grained unit is the Hoyón Formation. This unit is locally a 1000-m-thick conglomerate (Figure 6 ), dated as early Eocene [Van der Hammen, 1958] and early Oligocene [Porta and de Porta, 1962] or older than the late Paleocene-early Eocene unconformity Sarmiento, 2001] . Analysis of one palynologycal sample of this unit collected in the field station of stress determination 2 ( Figure 7 and Table 1 ) resulted in a Paleocene-early Eocene (?) age (C. Jaramillo and M. Rueda, ICP-Ecopetrol, personal communication, 2003) .
[24] At the southern tip of the mapped area, the late Paleocene -Eocene unconformity is evidenced by the basal contact of the conglomeratic Chicoral Formation (Figures 5  and 6 ), dated as middle to late Eocene in the Upper Magdalena Valley [Osorio et al., 2002] . These conglomerates overlie Cretaceous beds of different ages and involved different structures (Point B in Figure 5 ). In the mentioned area, the Bituima thrust fault and associated Apulo Anticline, involving Early Cretaceous units, are unconformably overlain by the Chicoral Formation conglomerates. In the footwall block of the Bituima thrust fault, the Chicoral Formation unconformably overlie the Upper Cretaceous Frontera and Lidita Inferior formations. Our field mapping confirms the earlier observation made by Cáceres and Etayo-Serna [1969] and Cáceres et al. [1970] in the same area. Consequently, deposition of the Chicoral Formation conglomerates postdates the activity of the Bituima thrust fault and the Apulo anticline, indicating a late pre-Eocene age for these structures (Point B in Figure 5 ).
[25] Angular unconformities related to deformation during the Eocene were detected at the southern tip of the Guaduas Syncline. At that place, subvertical beds of the late Paleocene -early Eocene Hoyón Formation pinch out and are unconformably overlain by the late Eocene-Oligocene San Juan de Rio Seco Formation which dips about 50°to the west ( Figure 5 ). Southward of this locality the late Eocene-Oligocene strata unconformably overlie the Maastrichtian to early Paleocene mudstones of the Seca Formation (Point C of Figure 5 ). This structural pattern not only confirms the post late Paleocene-early Eocene deformation, but also provides geometrical evidence for continuing folding of the Guaduas Syncline, as a consequence of westward displacement on the Cambao fault since late Maastrichtian. Our field mapping of this area confirms the results from Raasveldt [1956] and Porta [1965] concerning the geometry of this unconformity.
[26] Villamil et al. [1995] explained the origin of the Paleocene-Eocene unconformity in terms of deformation associated with uplifting of the Central Cordillera followed by creation of a foreland type basin. In this model, deposition of fine-grained sequences occurred during periods of tectonic relaxation after a phase of strong tectonic activity and erosion. In contrast, deposition of coarse-grained deposits occurred during periods of relative tectonic quiescence (posttectonic deposits). Foreland subsidence was partially controlled by a remnant of the Upper Cretaceous thermal subsidence [Sarmiento, 2001] . Following this model, we consider the fine-grained Seca Formation as a sedimentary record of a period of high tectonic subsidence after a strong period of erosion affecting the Maastrichtian Cimarrona Quality factors are labeled as follows: A, fair quality determination, with stress tensor reasonably constrained by data; B, average quality; C, poor quality determination. Reference numbers with asterisks refer to situations without significant stress tensor being determined (in these cases, only the probable azimuth of compression is shown with a single number in columns s1, s2, and s3, and an open arrow in Figure 11b ). Stress axes indicated in terms of azimuth and dip angle in degrees. F = (s2 À s3)/(s1 À s3).
b Structures other than fault striated planes, i.e., styolites, slaty cleavy, joints, etc.
c Number of field measures constraining the stress determination.
Formation in the western flank of the Guaduas Syncline. This deformation was followed by deposition of a posttectonic conglomeratic unit; the Hoyón Formation which overlie paraconformably the Seca Formation ( Figure 6 ).
[27] Alternatively, Gomez et al.
[2003] assigned a Paleocene age to the entire sequence of the Hoyón Formation and included the Hoyon and Seca Formations (Guaduas Formation) as a single Late Cretaceous -Paleocene transgressive sequence. These authors argued that in the eastern flank of the Guaduas Syncline the conglomeratic Hoyón Formation interfingers with the muddy Seca Formation. This interpretation is supported with a seismic profile of the Guaduas Syncline where the base of the Hoyon Formation in the axial fold zone apparently coincides with the surface outcrop of the Seca Formation in the eastern flank (see Figure 6 of Gomez et al. [2003] ). However, our field mapping in this area shows that the conglomeratic Hoyón Formation is deposited above the Seca Formation in both flanks of the Guaduas Syncline. In particular, in the eastern flank of this structure, the Cretaceous and Tertiary sequences are affected by a west verging thrust fault that overturns the conglomerate as well as the Seca Formation, displacing both units to the west. As a consequence, the fault omitted by in the eastern flank of the Guaduas Syncline, explains the coincidence of the Hoyón and Seca Formations in this area through a simple thrust fault, rather than a lateral transition between conglomerates and mudstones ( Figure 5 , structural cross section).
[28] To summarize, a single late Paleocene -early Eocene regional tectonic phase appears to be responsible for the development of the main unconformity, as previously suggested by studies of Villamil et al. [1995] and Gomez et al. [2003] . Our field mapping, showing ancient fold-and-thrust structures and tilted beds fossilized below the unconformity, confirms these views. The origin of this unconformity has been associated with deformation in the Central Cordillera, which records the eastward displacement of the Caribbean plate and the diachronous accretion of the Panama Arch [Villamil et al., 1995] . However, Taboada et al. [2000] suggest that this tectonic phase correlates well with the Paleogene accretion of the San Jacinto Terrane in northern Colombia as defined by Duque-Caro [1984] .
Andean Tectonic Phase
[29] The most evident tectonic phase in the study area is the Andean Phase. In this region, the largest thrust fault of the western flank of the EC is the Cambao Thrust fault ( Figure 5 ). This fault places the Upper Cretaceous rocks on top of the upper Miocene Honda Formation and transfers some of its displacement on the leading Honda thrust fault, which locally repeats the Eocene to late Miocene sequence. This fact clearly evidences a postlate Miocene phase accounting for more than 5 km of vertical displacement.
(Point E of Figure 5 ).
Post-Andean Continued Deformation
[30] Post-Andean deformation seems to affect the western foreland basin of the EC. West of the Honda fault, the Pliocene Mesa Formation [Raasveldt and Carvajal, 1957] unconformably overlies tilted conglomeratic beds of the upper Miocene Honda Formation (Point D of Figure 5 ).
General Considerations on the Tectonic Phases of the Study Area
[31] On the basis of considerations of syntectonic sediments geometry and associated unconformities, it is thus possible to identify periods of folding and faulting that account well for the early development of structures in the western flank of the EC during the late Maastrichtian, late Paleocene to Eocene, as well as a major phase of faulting and folding that postdates the late Miocene Andean phase. Continued post-Andean deformation appears to be active. These results are summarized in the stratigraphic column of Figure 6 , which shows unconformities between units.
[32] Our observations are in agreement with most previous works, accounting for continued deformation of the EC in regions outside the study. The early pre-Andean rising of the EC has already been documented by Colletta et al. [1990] who attributed wedging of the Paleogene sequence along the Salina thrust fault (Figure 4 ) as a result of an early pulse along this structure during the growth of the EC in the Middle Magdalena Valley. Casero et al. [1997] recognized four events preceding the Miocene Andean phase: a Late Cretaceous-lower Paleocene (Laramide I) phase that generated double verging thrust folds in the EC, an late Eocene-Oligocene phase (Laramide II)-, and two Miocene pre-Andean Phases. Villamil [1999] considered eastward depocenter migration in the foreland basin of the EC from Maastrichtian to Oligocene as a process linked to uplifting of the Central Cordillera. This model predicts early development of the EC occurring during the Oligocene. In the Middle Magdalena Valley, Restrepo-Pace [1999] reported a fold-and-thrust-belt structure below the late Paleocene-early Eocene unconformity evidencing development of late Paleocene to early Miocene structures related to the growth of the EC. Gomez et al. [2003] recognized two phases of folding during middle Eocene-Oligocene and late Miocene, prior to the main Andean phase in the Guaduas Syncline region. This pre-Andean phase is also reconstructed in the Upper Magdalena basin. fault activity during deposition of Eocene-Oligocene (Gualanday Group) and the Miocene (Honda Formation) was previously identified by [Amezquita and Montes, 1994] . On the basis of flexural models and evidence such as the presence of Paleogene unconformities, lateral changes of facies and thickness, local erosion indicated by detrital composition of sandstone and fission track data, Sarmiento [2001] suggests that an incipient inversion of Mesozoic extensional basins occurred since Paleogene times.
Paleostress Analysis

Methods and Assumptions
[33] Intraplate compressional deformation associated to active margins, as in the northern Andes, is subjected to interaction between at least two plates. This interaction is maximum at the plate boundary zone and it can cause intraplate deformation at distances of up to 1600 km [Ziegler et al., 1998] . Stress in such areas is accommodated as permanent deformation and large displacements along faults and microblocks. Structures and type of deformation along these areas is also a function of the directions of convergence and the degree of obliquity between major plates, as well as the geometry of the plate boundary and rheological properties of major structural units [Hu et al., 1996] . It is thus possible and rather frequent to observe strain partitioning and strain deflection along plate boundaries in active margins. Strain measurements in such areas should reflect a complex pattern that is rarely parallel to directions of convergence between major plates. This is the case of the western boundary of the northern Andes. In this complex region, stress related to the triple junction between the oceanic Nazca and Caribbean plates and the continental South American plate is accommodated along the PanamaChocó Block and most of the faults and structures around the Baudo Range and the Western Cordillera, including the Romeral and Uramita faults [Cortés, 2004; Ego et al., 1996; Kellogg and Vega, 1995] . Such complexity is reflected in the distribution of focal mechanism of earthquakes showing a high variety of kinematic solutions in the area to the west and around of the Romeral fault zone (Figures 2 and 3) . In southern Colombia and Ecuador, the E-W convergence of the Nazca plate is oblique with respect to the ENE-WSW faults of the northern Andes (southward of 4°N) inducing right lateral displacement on the major faults of the northern Andes [Cortés, 2004; Ego et al., 1996; Trenkamp et al., 2002] .
[34] On the other hand, in the internal part of the continental plate, (eastward of the Romeral fault zone) deformation related to subduction of the Caribbean plate and its mechanical coupling with the South American plate seems to be less complex and strain patterns seem quite homogeneous [Cortés, 2004] . Focal mechanism of earthquakes showing in most cases compressive solutions associated to NE-SW to N-S trending faults in the northern portion of the Eastern Cordillera (Figure 3) , suggest a homogeneous strain pattern in the internal part of the continental plate. Such homogeneity is compatible with geodynamic models of continental subduction below the Eastern Cordillera, proposed to account for the structure of this mountain belt [Colletta et al., 1990; Sarmiento, 1989; Taboada et al., 2000] . In such models, the subducted slab, which plunges beneath EC, transmits directly the stress related to subduction to the continental plate and hence to the EC through a ductile shear zone (Figure 3) . Consequently, seismic patterns below the EC allow to assume that the strain measurements deducted from our study reflect a more direct interaction between the oceanic (Caribbean) subducted slab and the continental block of NW South America, and not a secondary strain pattern as could be the case of a complex plate boundary. In addition, the low degree of obliquity between the direction of convergence of the Caribbean plate (WNW-ESE) and major faults of the northern Andes (NNE-SSE), also suggests a low degree of strain deflection or strain partitioning in this part of the EC (toward the north of 4°N). In this case, our strain data related to convergence of these plates would show only a minor degree of strain deflection or strain partitioning related to intraplate deformation, which is not the case of the present observed deformation in the western border of the northern Andes (westward of the Romeral fault zone).
[35] On the other hand, in our study of deformation patterns in the EC, we gave the name paleostress to finite directions of stress stages deducted from brittle structures. In consequence, a true tectonic sequence of stress in the study area is not carried out because of the lack of evidence on incremental strain stages or additional data concerning rotations around vertical axes. However, partial evidence concerning the relative chronology between different finite stress stages (i.e., field evidence of pre and postfolding structures associated to a particular direction), allows us to propose a possible sequence of stress evolution. Finally, the map scale homogeneity of major directions of the finite stress stages deducted from our analyses, suggests that no large regional rotations seem to have existed around vertical axes in the study area. However, this uncertainty must be tested throughout additional studies, including paleomagnetic data.
Previous Works
[36] Few paleostress studies have been carried out in the EC. For this reason, the structural reconstructions of the regional structure simply assumed a NW-SE principal direction of shortening, perpendicular to the present-day structural grain of the EC thrust belt [Colletta et al., 1990; Dengo and Covey, 1993; Sarmiento, 2001] . Previous paleostress descriptions have been made by Mojica and Scheidegger [1984] and Kammer [1999] , delineating compressive trends that vary from NNW to WSW. In the Upper Magdalena Valley (Figure 2) , Cortés [1994] identified two types of small-scale folds associated with NW-SE and E-W vergences of reverse faulting in Upper Cretaceous rocks, (Olini Group, Figure 6 ). Kammer [1999] , on the basis of structural field data and fault patterns, suggested transpression in the EC. Sarmiento [2001] suggested transpressional trends based on a map view restoration of the EC. Montes [2001] identified an early Paleogene transpressive system in the western flank of the EC south of the Ibague fault, related to ENE-WSW tectonic transport. Taboada et al. [2000] reported three tectonic events in the EC. The first event or early Andean phase was identified in rock formations of Mesozoic age with no prevailing trend. The second event, the Andean phase, corresponds to NW-SE contraction in the area of the Sabana de Bogotá and WNW compression in the Guaduas Syncline. This difference was interpreted in terms of rotation of stress and structures of the Guaduas Syncline region with respect to the Sabana de Bogotá. The late Andean phase was identified by Taboada et al. [2000] in outcrops of Plio-Quaternary age, showing NW-SE trends of compression in the central part of the EC and high levels of dispersion near the Santa MartaBucaramanga wrench fault, which we interpret as a zone of active stress deflection (Figure 2) . Because of the large uncertainties that still exist in trends of contraction at different stages of belt evolution, we undertook a compre-hensive paleostress analysis in the Guaduas Syncline and the Sabana de Bogotá areas ( Figures 4 and 5) ; two regions of the EC showing different structural trends.
Localities
[37] Stress analysis was conducted in the Guaduas Syncline-Apulo region and in the Sabana de Bogotá plateau (Figures 4 and 5) . Detailed mapping by using aerial photographs at 1:25,000 scale and radar imagery preceded field mapping. More that 500 field stations were visited, in which available strain markers were collected. All brittle structures were taken into account including stylolites, filled veins, joints, slaty cleavage, and bedding (S0). Some of the most relevant data are presented in Figure 7 . However, most of the paleostress determinations were based on the inversion of fault slip data.
Fault Slip Data
[38] Two main types of fault slip markers were found in the field. The first type corresponds to minor faults in conglomeratic to coarse-grained units with striation and development of Riedel's shears. The second type, in finegrained rocks (i.e., shales of the Cretaceous Villeta Group), shows lineations related to small striating objects along the fault surface. In both cases, the small structures allow accurate determination of the direction and sense of fault displacement (Figure 8) .
[39] Our analysis of fault slip data is based on the inverse method described by Angelier [1989 Angelier [ , 1990 , which allows determinations of the directions of principal stress axes s1 (maximum compressive stress), s2 (intermediate principal stress) and s3 (minimum stress), as well as the ratio of principal stress differences, F = (s2 À s3)/(s1 À s3). Depending on the size of the local fault data sets, we use fault slip data from different outcrops to constrain a single stress direction. In these cases, we combine only data located in the same structure (i.e., Villeta Anticline) and in the same stratigraphic unit. An example of such a combination is presented in Figure 9a , with data from four sites around the axial zone of the Villeta Anticline ( Figure 5 ). Determinations of stress tensor were made at each site and often provide similar results, but they were considered less reliable than those of the whole group because of the limited variety in fault orientations.
[40] Superpositions of slickenside lineations were found and reveal polyphase slip, which in several cases reflects polyphase tectonics (especially where different slip patterns are mechanically incompatible). For instance, at sites S546 and 317-319 (Figures 9b and 9e , respectively), we were able to separate different stress regimes in an area where fault reactivation occurred. In other cases, different slips on the same fault surface could be explained with a single stress tensor, suggesting reactivation of the same fault plane coeval with folding during the same tectonic phase (Figure 9c ). Note also that folding results in apparent polyphase fault patterns, because of the association of the pretilt, syntilt and posttilt fault slips. Incompatible fault patterns may also become compatible after back-folding, restoring initial attitudes (Figure 9d ). Ignoring syntectonic development of faulting and folding during a single major tectonic event may result in overestimation of the number of tectonic regimes.
[41] Our analysis of fault data sets often revealed inclined attitudes of the principal stress axes. In most cases, bedding and axis attitudes are related. Unfolding of data is based on consideration of stratal dip and yields restored principal stress axes that are generally found to be nearly horizontal or vertical. This back-tilting was used as a criterion to determine the relative chronology between different stress patterns as shown in Figure 9f , where it suggests that faults related to E-W contraction were later passively rotated during folding.
Successive Stress Patterns
[42] Figure 10 illustrates the results of stress analysis in terms of compression trends. Each determination is shown in regard to the age of the stratigraphic unit in which the data were collected. In Table 1 , the corresponding numerical values are listed, including the trend and plunge of each principal stress axis as well as the ratio F previously defined. Table 1 also includes a general quality estimation of each result. Quality mainly depends on the number of faults and brittle structures measured and on the number of Figure 10 . Results of paleostress analysis of this study. In the vertical timescale, each tectonic determination is located in the position of the corresponding outcrop rock. Size of arrows is according to quality factor as in Table 1 . Vertical bars indicate the possible age range for the occurrence of each stress regime (youngest to the right). The range of s1 azimuth defining each stress regime and the percentage of data fitting this range are specified on top of the bars. possible stress regimes. Letters A, B, and C refer to good, average, and poor quality, respectively. No data could be collected in rocks younger than early Oligocene. From Figure 10 , two major trends emerge. One trend reveals a contraction pattern changing from E-W to WSW-ENE. The other trend suggests a direction of contraction changing from NW-SE to WNW-ESE. Both trends are represented in the whole sedimentary sequence until the early Eocene.
[43] A critical issue deals with the relative chronology between these -two main patterns, because in most areas of study the same formations are affected. However, NW-SE to WNW-ESE compression was clearly identified with A and B quality determinations in several postearly Eocene outcrops (determinations 15, 22, 58, and 59 of Table 1 and Figures 11a -11b) , as well as in structures that cut postlate Miocene structures. Determinations of WSW-ESE and E-W compression were made in rocks of preearly Eocene units. This relative age indication is strengthened by structural evidence. Unfolding in a NW-SE direction of apparently ambiguous data became well-constrained WSW-ENE or E-W stress directions. The unfolding procedure reveals a younger age of the NW-SE and WNW-ESE compression, compared with the E-W and WSW-ENE compression (Figure 9f ).
[44] In some cases (e.g., Figures 9e and 9f) , folded fault patterns effectively indicate an E-W to WSW contraction, predating NW-SE to WNW compression. This observation is confirmed by strike-slip faults associated to WNW-ESE contraction cutting and offsetting post-Miocene to recent structures in the western flank of the Guaduas Syncline and along the Cambao fault (sites 346, 349, 351, and 365 corresponding to determinations 22, 25, 27 and 29 of list 1 and Figures 7, 8, and 11a -11b) .
[45] The relative chronology between the paleostress regimes highlights a regional change in direction of contraction and tendencies of stress patterns in the EC. This change is closely related in time with the late Paleocene-early Eocene regional unconformity of the Magdalena Valley and the western flank of the EC. Accepting the Paleocene age of the Hoyón Formation and its stratigraphic position below this unconformity, we date the most recent good quality data showing WSW-ENE compression as prelate Paleocene (Figure 10 ). The regional late Paleocene-early Eocene regional unconformity indicates not only strong erosion related to active faulting at this time but also a regional change in stress regime, which is suggested with the temporal distribution of our tectonic determinations in the EC. In addition, the geographic distribution of structures related to each of these major stress directions, also represented on the geological map, shows a rather homogeneous distribution, suggesting that effectively these structures are indeed related to regional independent tectonic phases ( Figure 12 ).
[46] About 18% of our reconstructions could not be classified because their trend of compression was beyond the bounds adopted to define the two main stress patterns. These s1 trends are 0 -30 for 3.8% of the data, 150-180 for 7.6% and 130-60 for 6.3% (Figure 10 ). These amounts were considered too small to permit the identification of additional stress patterns. For determinations 14 and 38 (Figures 10 and 11a -11b; Table 1) , the low quality of the reconstructions could explain the ambiguity. In other cases, most data are of good or acceptable B quality. In the Sabana de Bogotá area two sites are close to recent leftlateral strike-slip faults and the SSW-NNE compression is clearly postfolding (sites 523, 546 and 547 Figure 9b and determinations 49, 50 and 55, Figures 7, 11a -11b, and 12 ; Table 1 ). This strongly suggests recent local stress deflection around this type of fault. In these cases, local rotation or stress perturbations explain ambiguous trends. Some NNW-SSE and SW-NE compressions certainly exist, but they could be considered as local perturbations of the main NW-SE and WSW-ENE compression respectively. In conclusion, there is no reason to invoke major regional compressions that differ from the two main events discussed in the area and the geological time considered in this paper.
[47] In the Sabana de Bogotá area, some extensional regimes were identified with roughly N-S trending extension, most of them associated to transtension along strikeslip faults (Figure 10 subvertical s1, determinations 43, 53, 57, Figures 7, 11a -11b, and 12; Table 1 ). All the cases were directly related to salt-doming structures in the Zipaquira area (Figures 7 and 12 ). Previous works [Cortés, 2004; Montes et al., 1994] demonstrated that salt doming structures are related to strike-slip faults in the Sabana de Bogotá. In such models the latter doming event seems to be associated to transtension around these faults with a dominating NW-SE trend and left lateral sense.
[48] The stress regimes inferred from other brittle structures (joints, slaty cleavage and stylolites in Figure 7 ), are consistent with the directions of contraction indicated by fault-slip data (determinations 62 to 74). Most of these regimes indicate WNW-ESE to NW-SE compression, whereas the WSW-ENE to E-W directions are secondary. This observation suggests that most of the brittle deformation occurred during the Andean tectonic phase. More comprehensive data set collection would be needed to confirm this conclusion.
Inferences From Plate Kinematics of the South Caribbean Region
[49] To evaluate the consistency of our model of paleostress derived from field data, we considered the relative movements of plates interacting with the northwestern margin of South America since the Late Cretaceous. Choosing the North America plate as a fixed reference and using published Euler's poles and angular velocities of the South America, Nazca and Caribbean plates (Table 2) , we made a backward reconstruction of the relative displacements from the present day to Maastrichtian. Note that the Maastrichtian is the generally accepted time when deformation began in the CC, as well as in the Magdalena Valley and in the EC, in response to the accretion of the WC (see section 1). Through this reconstruction, the directions of convergence between the South America plate and the surrounding plates are calculated and compared with the directions of paleostress derived from our study of inversion of field data in the EC of Colombia (see discussion in section 3.1).
[50] The model was built in two main steps. First, we derived the present-day state of contraction in the northern Andes and assumed that this was been constant during the last 9.7 Ma. Second, we calculated the directions of contraction in the NW extreme of the South America plate with the surrounding plates since Late Maastrichtian to 9.7 Ma. In general, we assumed a constant velocity of the Caribbean plate since Maastrichtian, which we estimated Figure 11 . (a) Structural diagrams of paleostress determinations based on fault slip data (lower hemisphere projections). Numbers correspond to stress determination as in Table 1 
Present-Day Kinematics
[51] As previously mentioned, the present deformation in the northern Andes results from interaction of NW South America with the Nazca and Caribbean plates, and the Panama-Choco Block (PCB) (Figure 13 ). We consider the relative direction of convergence between the major plates and the block displacements relative to North America since 9.7 Ma, which roughly coincides in time with the onset of the collision between the PCB, and the northern Andes.
[52] Because of the previously discussed nature and tectonic complexity of the Caribbean plate, a variety of Euler's poles have been proposed to describe its displacement [DeMets, 1993; DeMets et al., 1990; Deng and Sykes, 1995; Dixon et al., 1998; Minster and Jordan, 1978] . We use the poles from DeMets et al. [1990] and Deng and Sykes [1995] to estimate the relative displacement between the Caribbean and South America plates during the last 9.7 Ma. The results obtained from these two solutions are compared in Figure 13 . We finally compare these results with both the GPS data of Trenkamp et al. [2002] and our determination of the latest stress regime affecting the EC as indicated by our tectonic study (see discussion in section 3.1) and we conclude that the Euler pole of the NUVEL-1 model [DeMets et al., 1990] best describes the present-day direction of convergence CA-SA relative to NA. The pole of Deng and Sykes [1995] seems appropriate to describe the present-day deformation of the northern and northeastern tips of the Caribbean plate, as noted by DeMets et al. [2000] . However, to the south it is not entirely satisfactory as suggested by both GPS data of Trenkamp et al. [2002] and our field data. This discrepancy may be related to a nonrigid behavior of the Caribbean plate, which could be experiencing internal deformation as pointed out by Mauffret and Leroy [1999] .
[53] The data from Trenkamp et al. [2002] allow us to incorporate the present-day movement of the North Andes Block and PCB in the kinematic reconstruction. We made this analysis to better constrain the reconstruction previous to 9.7 Ma, assuming that in those times the area of our study behaved as part of the South American plate and not as the North Andes Block. The GPS data show that relative to the North Andes Block, both the Nazca plate and the PCB converge in a roughly E-W direction, whereas the Caribbean plate moves in a WNW-ESE direction relative to the North Andes Block and South America. The pole of DeMets et al. [1990] is in agreement with the WNW-ESE direction of convergence between the Caribbean and South American plates. The pole of Deng and Sykes [1995] predicted a relative WSW-ENE direction of convergence between [Freymueller et al., 1993] .
these plates, which is not consistent with the GPS data ( Figure 13 ). On the other hand, our model based on inversion of field data shows that the post late Miocene faults were related to a WNW-ESE regime with an average N107°E direction of compression.
[54] The GPS data show approximate direction N93°E for convergence between the PCB and the North Andes Block, N112°E for convergence between the CA and the North Andes Block, and N103°E for CA-SA plates convergence, which means, for our model, differences in trend of 14°, 5°, and 4°, respectively. These differences may be interpreted in several ways. The E-W CPB convergence with the North Andes Block may be younger than the Andean WNW-ESE convergence. It is also possible that important stress deflection is occurring in the frontier area of the PCB and the North Andes Block. The minor difference between our results in terms of tectonic compression and the direction of convergence between the South America -Caribbean plates, allows us to estimate that we are in an average error of ±4°when we consider our study area as part of the South American plate. In the EC, we mainly recorded deformation related to South AmericaCaribbean interaction. Additional work including paleomagnetic determinations in order to identify possible block rotations in the North Andes Block area, in conjunction with inversion of focal mechanisms of earthquakes, would be useful to improve GPS and field tectonic studies.
[55] The Nazca plate was considered as an active part of the reconstruction only since 9.7 Ma to present, when this plate began to interact with the southwestern extreme of the North Andes Block. In order to evaluate the possible effects of the Nazca plate in the area of our study, we used the pole of the NUVEL-1 model [DeMets et al., 1990] for this plate relative to South America and geodetic (GPS) data from Trenkamp et al. [2002] . This evaluation showed that neither the E-W nor WSW-ENE directions of convergence between the Nazca plate and the North Andes Block, predicted by the GPS measurements and the NUVEL-1 model respectively, are presently active as E-W or WSW-ENE deformation in the EC, at least north of 4°N (Figure 13 ).
Plate Kinematics Reconstruction From Early Coniacian to Late Miocene
[56] In order to estimate directions of contraction in northwestern South America before 9.7 Ma, we restrict the problem to interaction between the South America and Figure 13 . Present-day state of stress in the northern Andes region as deducted from (1) GPS data of Trenkamp et al. [2002] (also shown in bold arrows), (2) NUVEL-1 model relative direction of convergence between South America -Caribbean plates and the South America -Nazca plates, and (3) direction of convergence between South America -Caribbean plates according to Euler's pole of Deng and Sykes [1995] . Open arrows correspond to present-day stress regime in the study area deducted from field tectonic data. Note that present-day stress in the northern Andes deducted from field data of this study, agree the present direction of convergence between the plates South America -Caribbean derived from pole of NUVEL-1 model. Caribbean plates. This simplification is licit because, as previously discussed, the domain of study roughly behaves as the South America plate. Choosing the NA plate as a fixed reference, we determined the displacement of the South America and Caribbean plates and we derived the predicted paleostress at each step of the reconstruction, assuming parallelism between plate convergence vectors and maximum stress compression in the most internal part of the northern Andes (see discussion in section 3.1). Our kinematic model is shown in nine steps (Figure 14) , in agreement with the poles of rotation for the relative movement of the Americas as published by Müller et al. [1999] .
The numerical values used in the kinematic model are indicated in Table 2 .
[57] The trajectory of the Caribbean plate previous to 9.7 Ma is highly speculative for the reasons previously discussed in section 1.1. Indirect evidence has been used to describe the displacement of this plate since the Early Coniacian times, when it became an independent plate. Pindell and Barret [1990] simplified the problem and proposed that a pole close to Santiago de Chile in South America could account for eastward displacement of the CP relative to the Americas since Eocene times. Other works agree with this possible location of the pole [DeMets et al., 1990; Minster and Jordan, 1978] . Before Eocene time, the models describing paths of the CP agree with a NE displacement of this plate being inserted between the Americas. Because of uncertainties concerning to poles of the CP, and taking into account the very good fit between directions for the last 9,7 Ma derived from the model by using the NUVEL-1 pole [DeMets et al., 1990] , we tried to simplify the reconstruction by using this pole from Early Coniacian to present. As a result, the eastward displacement of the Caribbean plate with respect to the Americas was achieved and the NE displacement from Coniacian to Eocene was maintained.
[58] In order to estimate the angular velocity of the Caribbean plate during each phase of the model, we considered the paleogeographic reconstructions of the Early Coniacian concerning the position of Aves ridge as the northern prolongation of the CC [Mann, 1999; Pindell and Barret, 1990; Villamil and Pindell, 1998 ] and calculated, using the NUVEL-1 pole, its angular distance with respect to its present position in about 17.5° (Figure 14a ). Assuming a constant velocity of the CP, we estimated the angular velocity w in 0.21°/Myr, which is approximately in agreement with the GPS estimations of present-day velocities of the CP relative to NA of 0.19 My À1 according to DeMets et al. [2000] and 0.25°/Myr according to Dixon et al. [1998] .
[59] The relative movement of the Americas could be summarized as relative NW-SE divergence since 190 Ma, changing to convergence since about 38.4 Ma ago. According to Müller et al. [1999] , relative acceleration of convergence during Miocene times caused the activation of underthrusting of the CP below the South America plate and deformation at the interior of the Caribbean plate. In agreement with the conclusions of part 3, the change of the regional pattern of stress in the area of the EC could be related to the relatively accelerated shifting from divergence to convergence of the Americas during the late Paleocene times, producing development of large unconformities in the area of the Magdalena Valley and EC and changing the sedimentological regimes and basin mechanisms at that time.
[60] In our kinematic model, we have used the approximate reconstructed geometry of the continental border of northwestern South America as presented by Pindell and Barret [1990] , Mann [1999] , and Villamil and Pindell [1998] , in order to maintain the frontier conditions at the moment of each tectonic event. We also introduced in the model the present geographic north and we rotated it with the South American plate as a reference to compare the trend of paleostress.
[61] The kinematic model could be summarized as a general E-W to WSW-ENE convergence of the WC with the western border of South America during the Early Maastrichtian to late Paleocene (Figures 14a-14d ). This paleostress resulted from the combined effect of relative divergence of the Americas and SW-NE convergence of the South America-Caribbean plates. Obliquity of the strain regime relative to faults in the east border of the NA block and the Jurassic normal faults bounding the basin of the EC (e.g., Guaicaramo and Ibague faults, Figures 2 and 5 ), provides the necessary conditions for right lateral strike-slip displacement of these faults in the EC and Magdalena Valley from Early Maastrichtian to late Paleocene. Evidence of pre-Eocene positive flower structures has been reported in the Middle Magdalena Valley by Suarez et al. [2000] and Pindell et al. [1998] and active transpression at that time was demonstrated by Montes [2001] in the western flank of the EC.
[62] Since the middle Eocene ($38.4 Ma.) a new NW-SE compressive stress regime was dominant and lasted until postlate Miocene times when compression became WNW-ESE. This regime resulted mainly in the change from relative divergence to convergence between the Americas at the end of the Paleocene, accompanied by an eastward displacement of the Caribbean plate relative to the Americas (Figures 14e-14i) .
[63] In Figure 15 , the results of paleostress determinations from field tectonic data are compared with convergence directions predicted from the kinematic model of the Southern Caribbean. From Figure 15 we can conclude that our model of stress evolution in the northern Andes is consistent and could be explained in terms of regional contraction of the northwestern margin of South America as it interacted with the Caribbean plate since Late Cretaceous times. An important change in stress regimes at the end of the Paleocene is observed both in the theoretical kinematic model and the observed field data.
Discussion and Conclusions
[64] Our inversion of tectonic data revealed two main trends of compressive paleostress in the Eastern Cordillera of Colombia and their chronology was established based on both stratigraphic and tectonic relative chronology criteria.
E-W to WSW-ENE direction of contraction was not identified in rocks younger than early Eocene, suggesting a late Paleocene to early Eocene age for this stress regime. The second stress regime reveals a NW-SE to WNW-ESE direction of compression; this regime was recorded in rocks as old as Oligocene. This second major compression was also characterized along post-Miocene and Quaternary structures such as the Guaduas Syncline and structures affecting the Guaduas Syncline, allowing relative dating of this regime as the most recent one. It is worth noting, however, that in detail the tectonic history may involve more than two regimes, so that the two-step history defined above should be regarded as a first-order approximation. Identifying second-order events would require a large mass of data and stratigraphic datings, which was not available in the study area.
[65] This major change in the regional stress directions coincides with the time of development of a regional unconformity in Colombia, traditionally referred to as the middle Eocene Unconformity. This unconformity is characterized by large angles in the western flank of the Eastern Cordillera and the Magdalena Valley. We infer that the change in the regional stress pattern corresponds to a major change in the regional structural style. Figure 14 . Simplified kinematic model of the South Caribbean region used to calculate directions of convergence of the South America -Caribbean plates. Kinematic solutions presented as triangles in each step including the regional trend of the Caribbean -South America convergence, presented also as bold arrows, and paleonorth deviation with respect to present magnetic north. White arrows indicate the directions of plate convergence corrected with respect to present-day magnetic north. In Figure 14a , an angular distance of 17.5°(centered in the Euler's pole of NUVEL-1 model) was assumed for position of the Aves Ridge during the Early Coniacian [after Pindell and Barret, 1990] , relative to its present-day position. Figures 14a-14d show an E-W to WSW-ENE convergence, inducing right lateral shear in ancient normal faults. During late Paleocene to present-day (Figures 14e-14i ), a regional change to NW-SW convergence induces basin inversion and fold-and-thrust belt development. In the last 9.7 Ma ( Figure 14i ) the regional regime became WNW-ESE during the Andean tectonic phase. Abbreviations are as follows: FA, Farallon plate; CA, Caribbean plate; SA, South American plate; CO, Cocos plate; NZ, Nazca plate.
[66] A kinematic model of the southern Caribbean region was built in order to explain our sequence of stress evolution in terms of interaction between the northwestern corner of the South American plate and the surrounding plates since the Maastrichtian times. We used the NA plate as a fixed reference, and we adopted published poles of the South America and Caribbean plates to derive directions of convergence of these plates. We also assumed rough parallelisms between the paleostress compressional trends and the convergence directions, knowing that this is an approximation. A critical point was the definition of the Euler's pole to be used for the Caribbean plate, given the variety of poles available for this plate in the literature. We found that the pole issued from the NUVEL -1 model [DeMets et al., 1990] best described both the present-day deformation patterns and the GPS geodetic data in the southern Caribbean area and hence was adopted in our model.
[67] A good fit was achieved between the model based on inversion of field data and that issued from plate kinematics. Both these models predict an E-W to WSW-ENE pattern of contraction or plate convergence until the late Paleocene, followed by a change in these directions to NW-SE to WNW-ESE from the late Paleocene to the present day. In the kinematic model, the change from relative divergence to convergence between the Americas induced a change in regional directions of convergence of the Caribbean-South America plates. We thus propose that this kinematic change to convergence between the Americas during the late Paleocene to early Eocene times, was responsible for the main change in stress patterns and structural style that we independently reconstructed in the northern Andes. Furthermore, this major change was recorded in the study area as a pronounced angular unconformity that separates two welldefined structural styles.
[68] Positive flower structures below the late Paleoceneearly Eocene unconformity in the Magdalena Valley are commonly identified based on seismic reflection profiles. On the other hand, the post-Eocene structures are characterized by inversion of ancient NE-SW trending normal faults accompanied by development of fold-and-thrust belts. These observations are consistent with the sequence of stress patterns defined above, considering that an E-W to WSW-ENE principal direction of contraction applied to NE-SW ancient normal faults should produce Figure 15 . Interpretation of paleostress determinations from analyses of field tectonic data (bold arrows on the left), and paleostress predicted from the kinematic model of plates (gray arrows on the right including north correction). In both cases an E-W to WSW-ENE contraction precedes a change in the regional pattern of stress at the end of the Paleocene, followed by a NW-SE direction of contraction that rotates to WNW-ESE during the late Miocene. The size of bold arrows for the field data is in accordance with the number of determinations constraining the average direction of contraction. Vertical bars show the possible rock sequence affected by the stress regime indicated on top of each bar with a horizontal line.
dextral strike-slip displacement along these structures and the NW-SE to WNW-ESE direction of contraction is quite appropriate to produce tectonic inversion along them.
[69] Our fault kinematic data revealing the present-day stress regime dominated by WNW-ESE compression are quite compatible with the general direction of the presentday convergence between the South American and Caribbean plates. This agreement brings confirmation to previous conclusions about an marked geodynamic influence of the Caribbean plate in the northern segment of the northern Andes [Ego et al., 1996] . It also implies that a compressive present-day regime prevails along the major ENE-WSE trending faults that bound the Eastern Cordillera. This pattern argues against simple models based on GPS data suggesting that the northern Andes is a mobile block escaping toward the ENE, implying a transpressive stress regime in the eastern margin of the Eastern Cordillera. Our field data concerning fault mechanisms and kinematics rather suggest a dominant compressive behavior of the eastern margin, which supports the results of previous works based on analyses of field data, focal mechanisms of earthquakes and balanced cross sections [Branquet et al., 2002; Casero et al., 1997; Colletta et al., 1990; Corredor, 2003; Cortés, 2004; Dimate et al., 2003; Rowan and Linares, 2000; Taboada et al., 2000] . Our results also suggest that the northern Andes should be considered as accommodating deformation in a complex manner, under at least two distinct stress regimes (E-W Nazca-related regime, and WNW-ESE Caribbean-related one), rather than being a single escaping mobile block as suggested by GPS data. The interpretation of kinematics and seismotectonic stress data deserves caution in such a complex tectonic area where most present-day data merely represent local strain associated to an interseismic period.
